Uracil-DNA glycosylases (UDGs) of the UNG family are the primary DNA repair enzymes 2 responsible for removal of inappropriate uracil from DNA. Recent studies further suggest that the 3 nuclear human UNG2, and the UDGs of large DNA viruses, may coordinate with their DNA 4 polymerase accessory factors to enhance DNA replication. Based on its amino acid sequence, the 5 putative UDG of EBV, BKRF3 belongs to the UNG family of proteins, and was demonstrated 6 previously to enhance oriLyt-dependent DNA replication in a co-transfection replication assay. 7
were used as secondary antibodies. After PBS washing, cells were stained with Hoechest 33258 at 1 room temperature for 1 min, and covered with mounting medium (H1000; Vector) for 2 fluorescence (Axioskop 40 FL; Zeiss) microscopy and confocal laser scanning (Leica). 3 4 Subcellular fractionation. The subcellular fractionation protocol was adapted from that 5 described by Krajewski et al. (30) . Briefly, cells were covered or incubated with hypotonic buffer 6 (5 mM Tris/HCl, pH 7.4, 5 mM KCl, 1.5 mM MgCl 2 , 0.1 mM EGTA, 1 mM DTT and 1 mM 7 PMSF) on ice for 1 h, harvested by scraping and homogenized by passage through 27 gauge 8 needles 15 times. Cell lysates were subjected to centrifugation at 500 X g for 5 min at 4 °C. The 9 resulting pellet was the nuclear fraction. The supernatant was then mixed with 3 volumes of LSB 10 buffer (50 mM Tris/HCl, pH 7.5, 25 mM KCl, 5 mM MgCl 2 ) and further centrifuged at 150,000 11 X g at 4 °C for 2 h. The resulting pellet contained heavy membrane (rough endoplasmic reticulum, 12 mitochondria, peroxisomes, Golgi apparatus and lysosomes) and light membrane (plasma 13 membrane) fractions. The cytosolic fraction in the supernatant was further concentrated for gel 14
analysis. 15 16
Transfection. Cells were transfected with different plasmids using Lipofectamine 2000 17 (Invitrogen) according to the manufacturer's instructions. To suppress Zta or BKRF3 expression, 18 NA cells were pre-transfected with 4 µg siRNA producing plasmid for 24 h and then co-19 transfected with 2 µg siRNA producing plasmid and 2 µg Rta-expressing plasmid. For 20 suppression of cellular UNG2 expression, NA cells were pre-transfected with 5 µg siUNG2 21 plasmid for 24 h, reseeded and transfected again with 5 µg siUNG2 plasmid for 24 h before co-22 transfection with 3 µg siUNG2 plasmid and 2 µg Rta-expressing plasmid. To identify Rta 23 responsive gene expression, 50 µg of Rta expressing plasmid RTS15, or vector control pSG5 24 (Stratagene Co.) was transfected into 1×10 7 Raji cells in 0.2 ml RPMI 1640 medium by 1 eletcroporation at 200 V, 950 µF with a ECM630 system (BTX Co.). 2 3 Detection and quantification of EBV DNA. Cells were lysed, digested by proteinase K and then 4 subjected to the following PCR analysis as described previously (8) . For quantification of EBV 5 DNA, real-time PCR was performed according to the manufacturer's instructions (Applied 6 Biosystems). The detection target of real-time PCR was the EBNA1 region of the EBV genome 7 and details of the primers and probes were provided in a previous study (40). We used H2B4 cells 8 harboring one EBV genome per cell to generate a standard curve for quantification (8) and EBV 9 copy number was calculated by comparison with the standards. All samples were tested in 10 duplicate. 11 According to the newly revised EBV sequence (12, AJ507799 in GenBank), the predicted 3 coding sequence of BKRF3 contains 765 nt and encodes a protein of 255 amino acids. The 4 predicted amino acid sequence of BKRF3 was aligned with different eukaryotic and prokaryotic 5
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Ung sequences (Fig. 1A) and showed an identity of 48%, 42%, 47% and 52% with UNG 6 enzymes of HCMV, HSV-1, human and E. coli, respectively. The short N-terminus of BKRF3 is 7 distinct from most of the UNG proteins described so far. The BKRF3 sequence is highly 8 conserved through the various UNG domains that are involved in catalysis and binding, such as 9 the conserved motifs GQDPYH (water-activating loop) and HPSPLS (DNA intercalation loop). 10
To explore the possible function of BKRF3, UDG activity was determined using a 5' [ 32 P]-11 labeled synthetic uracil containing 45mer-DNA as a substrate (Fig. 1B) . Uracil excision by UDG 12
generates an apyrimidinic site in the DNA oligomer, which is sensitive to alkaline conditions and 13 will result into two fragments, one of which ([ 32 P]-labeled) is detected as a faster migrating band 14 (20-mer) upon gel electrophoresis. Because NaOH treatment alone did not generate fast 15 migrating oligonucleotides, this indicates that there were no detectable AP sites in the substrate 16 prior to UNG treatment (Fig. 1D, lane 2) . As for the purified E. coli UNG enzyme (NEB. Co), the 17 incubation of substrate with the in vitro transcription/translation product of BKRF3 resulted in the 18 generation of the cleaved 20-mer. Furthermore, deletion of a.a 84~93 encompassing the 19 conserved catalytic motif of BKRF3 abolished the UDG enzyme activity, indicating that BKRF3 20 is a highly conserved enzyme (Fig. 1C & D) . 21 22 EBV BKRF3 complements an E. coli ung mutant in vivo. Uracil-DNA glycosylases are known 23 to be responsible for removing uracil from DNA in the base excision repair (BER) pathway to 24 ensure DNA integrity. In addition to the UDG activity of BKRF3 observed in vitro, we sought to 1 determine whether BKRF3 may contribute to the maintenance of genome integrity in vivo. To 2 that end, a plasmid (pTrc99A-BKRF3) containing the EBV BKRF3 open reading frame 3 expressed under the control of a trp/lac (tac) hybrid promoter was transformed into the ung 4 mutant E. coli strain NR8052 (ung -1 ), and the effect of BKRF3 on mutation frequency to 5 rifampicin resistance (Rif R ) was measured (Fig. 2) . Mutation to Rif R occurs normally at low 6 frequency by base substitutions in the rpoB gene. As expected, in the presence of the 7 transcriptional inducer IPTG, the wild-type E. coli strain NR8051 generated Rif R colonies at low 8 frequency (46.9 Rif R colonies per 4x10 8 cells, Fig. 2A , C & Table. 1). In contrast, the ung mutant 9 E. coli strain NR8052 and the vector-transformed controls (pTrc99A) resulted in a 9.8 fold 10 increase of Rif R colonies ( Fig. 2A &Table 1) . Similar to the effect of positive control human 11 UNG△84 (indicated as hUNG), induction of BKRF3 reduced the mutation frequency ten fold. 12
The mutator assay was also performed with wild type strain NR8051 harboring hUNG, BKRF3, 13 and BKRF3mt, giving virtualy the same number of resistant colonies as wild type cells, 14 indicating exogenous expression of UDG cannot reduce the mutation frequencies further ( Fig. 2A,  15 C & Table 1 ). The efficiency of plating (EOP) showed that E. coli growth was not influenced by 16 the expression of BKRF3, BKRF3mt or hUNG (Fig 2B) . These data demonstrate that BKRF3 is 17 able to supress the mutator phenotype of the E. coli ung mutant in vivo. This complementation 18
was not restricted to the selection applied, being also evident when mutation to the inhibitor of 19 bacterial DNA gyrase, nalidixic acid (Nal) resistance, was monitored ( Fig. 2D and Table 1) . 20
Mutation to Nal R results from base substitutions in the gyrA gene. The variation in the reduction 21 of mutation frequency observed in different selections may reflect differences in the types and 22 abundances of mutations that allow E. coli growth. Because BKRF3 (△a.a 84~93) lost the ability 23 to complement the ung mutant, we conclude that BKRF3 complementation is dependent on UDG 24 activity. These results not only demonstrate that BKRF3 may participate in a base-excision repair 1 (BER) pathway in vivo, but also confirm that UNG proteins are highly conserved through 2 prokaryotes, eukaryotes and viruses. 3
To confirm that BKRF3 encoded UDG activity in the E. coli ung mutant correlated with the 4 mutator assay, cell-free extracts of the wild-type E. coli NR8051 and ung mutant E. coli NR8052 5 carrying the plasmid expressing BKRF3, BKRF3mt, hUNG, or vector control were assayed for 6 UNG enzyme activities (Fig. 2E) . Indeed, the extracts from wild-type E. coli, hUNG, and BKRF3 7 transformants displayed measurable uracil excision activity in contrast to extracts from ung 8 mutant E. coli NR8052 with vector or the BKRF3mt (Fig. 2E) . We then examined the sensitivity 9 of BKRF3 to the natural UNG inhibitor Ugi, which is expressed by phages PBS-1 and -2 and 10 allows these uracil containing DNA phages to survive and replicate in their genotypically ung
hosts. Ugi can function in DNA mimicry that specifically and irreversibly inhibits E. coli and 12 human UNG (45, 62). As shown in Fig. 2F for uracil in single-stranded DNA (ssDNA) over dsDNA in vitro (64). To examine further the 19 biochemical properties of BKRF3 UDG activity, the coding region of the BKRF3 gene was 20 cloned into the expression vector pET-15a, which encodes six consecutive histidine residues at the 21 N-terminal end to facilitate purification. After transformation into BL21(DE3) cells, a 28 kDa 22 protein was induced by IPTG as displayed by SDS-PAGE analysis (Fig. 3A) . The soluble fraction 23 of the His-BKRF3 protein was purified using an affinity Ni 2+ column and the target protein was 24 BKRF3 excised about 50% of the uracils from ssDNA, whereas 1.0 nM His-BKRF3 was needed 10 to achieve a similar degree of excision from dsDNA. Furthermore, the specificity constant 11 (K cat /K m ) with single-stranded substrate was about ten times higher than with the U·G, U·C, U·A, 12 or U·T duplex substrates (Table. 2). This result indicates that the His-BKRF3 preferentially 13 excises uracil from ssDNA rather than dsDNA. 14 Several studies observed that the UDG activity of human UNG2 was stimulated 10-to 27-15 fold in the presence of 10 mM Mg 2+ or Mn 2+ (28, 29 (Fig. 3F) . 21
According to the sequence alignment (Fig. 1A) , the BKRF3 protein showed a 52% sequence 22 identity to E. coli UNG. Therefore, the kinetic constants of E. coli UNG acting on the same 23 oligonucleotides were measured simultaneously for comparison (Fig. 3D, Table 2 ). The kinetic 24 analyses demonstrated that the overall efficiency (k cat /K m ) of BKRF3 was lower than that of E. 1 coli UNG, and that this primarily was caused by a much higher turnover (k cat ) of the latter enzyme. 2 Notably, however, BKRF3 showed a markedly higher preference for ssDNA-over the dsDNA 3 substrates (∼10-fold) than E. coli UNG (<2-fold) and this was mainly caused by a low K m of 4 BKRF3 against U in ssDNA. Taken together, the single-strand preference of BKRF3 as well as 5 the inhibition of its enzyme activity by Ugi, are characteristics shared by the E. coli and human 6 UNG proteins (28), and indicate that the active site of the three enzymes are structurally 7 conserved. immunoblotting. The amplification of EBV DNA was detected simultaneously using a 5 quantitative real-time PCR method (Fig. 6) . Expression of BKRF3 was inhibited by double 6 transfection of BKRF3-targeted siRNA (siBKRF3-1 or -2), and Zta expression was inhibited by 7 siZta but not affected by pSUPER or siGFP controls (Fig. 6A) . As a relevant control, Zta-8 dependent expression of BMRF1 was blocked in the presence of siZta. Simultaneously, Rta-9 induced BKRF3 expression decreased moderately in the presence of siZta (Fig. 6A) , indicating 10 that the lytic induction of BKRF3 could be activated by Rta alone and probably enhanced 11 synergistically by Zta and Rta. Regarding the Rta-induced amplification of viral genomes, 12 expression of siZta completely blocked the viral DNA amplification in the lytic cycle (Fig. 6E) . 13
Meanwhile, siBKRF3-2 showed about 20% inhibitory effect on the amplification of viral 14 genomes at 48 hpi. Compared with RV-pSUPER controls, the UDG activity in a cell extract was 15 increased by about 10% in Rta-induced NA cells (Fig. 6B & C) . In addition, the total UDG 16 activities of induced-NA cells were inhibited about 10% when the expression of BKRF3 was 17 knocked down by siRNA (Fig. 6D ).This implies that cellular UNG might partially complement 18 the function of viral UNG when the latter is not expressed. (Fig. 7A) . The total UDG activities of induced-NA cells were inhibited to about 1 50% by siUNG2-1 (Fig. 7B, C) . In agreement with this, Rta-induced amplification of the viral 2 genome was also repressed 50%~60% at 48 hpi (Fig. 7D) . 3 4 Requirement of UNG activity in EBV lytic replication. To further investigate the contribution 5 of UNG activity to viral lytic replication, NA cells were co-transfected with Rta and Ugi 6 expressing plasmids which can inhibit both viral and cellular UNG activities (Fig. 2F) . Indeed, 7 the UDG activity could barely be detected in reactivated NA cells transfected with the Ugi-8 expressing plasmid (Fig. 8B ). The weak residual activity could be caused by incomplete 9 inhibition of UNG proteins, or the presence of other cellular UDG activities such as SMUG1, that 10 are not inhibited by Ugi. Interestingly, the copy numbers of EBV DNA in Rta-induced NA cells 11
were reduced to about half in the absence of detectable UDG activity at various time points (Fig.  12   8C ). However the expression of early lytic genes was not affected by the presence of Ugi (Fig.  13   8A ). This observation suggests that the enzymatic activity of UNG proteins is required for higher 14 efficiency of viral DNA replication. deletion of the water-activating group renders BKRF3 catalytically dead (Fig. 1) . Second, 22 expression BKRF3 in E. coli can restore the normal phenotype of ung mutants to the same extent 23 as human UNG (Fig 2) . Third, BKRF3 excises uracil in both dsDNA and ssDNA, but has a 24
on August 30, 2017 by guest http://jvi.asm.org/ Downloaded from preference for the latter. (Fig. 3) . Fourth, BKRF3 is inhibited by Ugi (Fig. 3) , which is highly 1 specific towards the UNG-family of proteins and do not inhibit other UDGs (4, 45, 78) . 2 UNG proteins have a well documented function in base excision repair of uracil, and may 3 remove uracil close to the replication fork by association with replicative proteins, or within non-4 replicating DNA (28). In addition, some virally encoded UNGs may have a more direct function 5 in viral DNA replication. In HSV1, the deletion of UL2, which encodes UNG, affects the ability 6 of the virus to replicate in mice, particularly in the central nervous system (55). Moreover, lack of 7 viral UNG expression in HCMV infection has been demonstrated, leading to a delay in viral 8 DNA synthesis and replication (10, 52). However, the viral UNG activity is dispensable for viral 9 replication in cultured cells, presumably because adequate cellular activity is present. This also 10 suggests that cellular UNG may complement viral UNG mutants in cultured cell lines (10, 46, 52) . 11
The cellular UNG2 activity is cell cycle associated, with maximal activity detected during late G1 12 and early S phase (16, 66) , and is undetectable in adult neurons (19, 75) . Thus, a role is implied 13 for viral UNG in the replication of the virus in the host, particularly in non-dividing cells (e.g. 14 terminally differentiated cells), where levels of cellular UNG2 are believed to be low. Such a 15 model is also supported by the present study. By using the Ugi-expressing plasmid to inhibit both 16 viral and cellular UNG2 activities, or siUNG2 to knock down UNG2, EBV DNA replication was 17 suppressed to half of the vector control, whereas EBV lytic DNA replication was only affected 18 slightly when BKRF3 expression was inhibited by siBKRF3. This indicates that the UNG activity 19 is important for EBV lytic DNA replication and that cellular UNG2 may back-up viral UNG in 20 tissue culture cells. We hypothesize that the role of BKRF3 UDG activity in EBV replication is 21 particularly important in terminally differentiated and non-dividing cells. This In cell culture, BKRF3 was found previously to increase about two-fold the replication 19 efficiency of an origin of lytic replication (oriLyt) containing plasmid in a transient transfection 20 system (18). By using siBKRF3, total cellular UDG activities in the extract was barely affected 21 (Fig.6D) , meanwhile the viral DNA replication efficiency in cultured NA cells was reduced about 22 20% at the late stage by siBKRF3-2 (Fig.6E) . Previous studies have shown that UNGs from 23 human, HCMV, and vaccinia virus interact with proliferating cell nuclear antigen (PCNA) or its 24
on August 30, 2017 by guest http://jvi.asm.org/ Downloaded from viral homolog and colocalize to the DNA replication foci (50, 53, 67) . Moreover, the interaction 1 of UNG with the processivity factor of vaccinia virus increased the processivity of the viral DNA 2 polymerase (50, 53, 67) . It is thus possible that cellular UNG2 activity may be sufficient at the 3 early stage of viral DNA replication, whereas the viral enzyme is important in a later stage of 4 viral DNA replication through interaction with viral replication factors thereby enhancing the 5 efficiency of viral replication. 6
Likewise, three possible mechanisms may account for the role of UNG activity in EBV lytic 7 DNA replication: (i) UNG activity might participate in the DNA repair system to ensure the 8 fidelity of viral DNA replication and therefore promote higher production of viral DNA. (ii) UDG 9 might be involved in the initiation of rolling-circle replication which can produce a burst of virus 10 genomes. It is believed that herpesviral DNA replication is initiated with the origin-specific 11 circular latent genome which leads to an early theta form replication and later undergoes a switch 12 to rolling-circle DNA replication. In the process of switching, a single-strand break needs to be 13 introduced into the double-stranded circular form DNA to generate a free 3'-hydroxyl group, 14 serving as a primer for subsequent rolling circle replication. UDG has been suggested to play a 15 role in producing nicks for the initiation of rolling-circle DNA replication (10, 41, 42) . This 16 suggestion is partly supported by the observation in yeast that uracil as a critical source of AP 17 sites in DNA which can be further converted into single-stranded breaks by AP endonuclease (22) . PRA and polymerase α (29, 50, 63), it would be interesting to study whether UNG2 can recruit 8 these cellular machineries to viral replication compartment for enhancing viral replication 9
efficiency. 10
In addition to its role in viral DNA replication, a possible contribution of BKRF3 UDG 11 activity to EBV pathogenesis is of concern. Cellular UNG2 is known to play a role in the somatic 12 NA cells at 24 hpi fractionated into nuclear (N), heavy membrane (H) and cytosolic plus light 6 membrane (C) fractions. After electrophoresis and blotting, BKRF3 was detected with specific 7 mouse serum. PARP and α-tubulin were detected as nuclear and cytoplasmic markers. 
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